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Abstract 9 

Humans are extraordinarily social, and social isolation has profound effects on our behavior, 10 

ranging from increased social motivation following short periods of social isolation to increased 11 

anti-social behaviors following long-term social isolation. Mice are frequently used as a model to 12 

understand how social isolation impacts the brain and behavior. While the effects of chronic 13 

social isolation on mouse social behavior have been well studied, much less is known about 14 

how acute isolation impacts mouse social behavior and whether these effects vary according to 15 

the sex of the mouse and the behavioral context of the social encounter. To address these 16 

questions, we characterized the effects of acute (3-day) social isolation on the vocal and non-17 

vocal social behaviors of male and female mice during same-sex and opposite-sex social 18 

interactions. Our experiments uncovered pronounced effects of acute isolation on social 19 

interactions between female mice, while revealing more subtle effects on the social behaviors of 20 

male mice during same-sex and opposite-sex interactions. Our findings advance the study of 21 

same-sex interactions between female mice as an attractive paradigm to investigate neural 22 

mechanisms through which acute isolation enhances social motivation and promotes social 23 

behavior. 24 
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Introduction 26 

Social interactions form the backbone of our experiences as humans. We find social interactions 27 

intrinsically rewarding, and we are highly motivated to seek out social contact and to form and 28 

maintain social bonds. Consequently, the experience of social isolation is aversive and 29 

increases our motivation to seek out and engage in social interactions (1-3). Rodents are 30 

frequently used as a model to understand how social isolation impacts emotional states and 31 

engagement in social behaviors in humans. As in humans, chronic social isolation in rodents 32 

leads to increases in anti-social behaviors, including increased anxiety, increased aggression, 33 

and decreased social motivation (4-14). A number of studies have also reported effects (or lack 34 

thereof) of chronic social isolation on the production of ultrasonic vocalizations (USVs) (15-19), 35 

which many rodents emit during same-sex and opposite-sex social encounters (20, 21). 36 

However, much less is known about how rodent social behavior is affected by short-term social 37 

isolation. A small number of studies have reported that acute social isolation promotes 38 

subsequent social interaction in rodents (22-25), but it remains unknown whether the production 39 

of social USVs is similarly enhanced during social encounters following acute isolation. 40 

Furthermore, most studies to date have characterized the effects of isolation on social behavior 41 

in a single context, often focusing on social interactions between male rodents (15, 17, 22, 23). 42 

Thus, it remains unknown whether the effects of acute isolation on rodent social behavior are 43 

generalized across many types of social interactions, or alternatively, vary according to sex and 44 

social context. 45 

To address these questions, we examined the effects of acute (3-day) social isolation on the 46 

vocal and non-vocal social behaviors of adult male and female B57BL/6J mice during 47 

subsequent same-sex and opposite-sex interactions. We found that acute isolation exerts both 48 

sex- and context-dependent effects on USV production and non-vocal social behaviors, with 49 

particularly strong effects on the vocal and non-vocal social behaviors of same-sex pairs of 50 
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females.  Furthermore, we found differences in how USV production is related to non-vocal 51 

social behaviors in different social contexts, revealing sex- and context-dependent differences in 52 

the coupling between USV production and social motivation. This study provides the first direct 53 

comparison of the effects of acute isolation on mouse social behavior across sex and social 54 

context, and our findings indicate that same-sex interactions between female mice are an 55 

attractive paradigm to investigate the neural mechanisms through which acute isolation 56 

enhances social motivation and promotes social interaction. 57 

 58 

Results 59 

To measure the effects of acute social isolation on the vocal and non-vocal social behaviors of 60 

mice, we performed video and audio recordings during 30-minute social encounters between 61 

opposite-sex and same-sex pairs of mice (i.e., female-female, male-male, and male-female 62 

interactions). Recordings were performed in the home cage of the resident animal, which had 63 

been either group-housed continuously with its same-sex siblings or single-housed for three 64 

days prior to the day of the experiment. An unfamiliar group-housed visitor mouse was then 65 

introduced to the resident’s home cage, and vocal and non-vocal social behaviors were 66 

recorded. In the case of male-female encounters, the resident mouse was always the male. 67 

During interactions between same-sex pairs of mice, previous studies have found that either 68 

mouse in the pair can produce ultrasonic vocalizations (USVs) (26, 27). For this reason, we 69 

made no assumptions about which mouse in a same-sex pair was vocalizing at a given time 70 

and report the total number of USVs produced by the pair. In the case of opposite-sex 71 

interactions, previous work has shown that males produce the majority (~85%) of USVs during 72 

interactions with females (28, 29), and we similarly assume that most USVs are produced by the 73 

resident male mouse. We examined the effects of acute social isolation on USV production, 74 
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non-vocal social behaviors, and the relationship between vocalizations and non-vocal social 75 

behaviors in these three social contexts. 76 

Effects of acute isolation on USV production in same-sex and opposite-sex interactions 77 

We first measured the effects of acute social isolation on the production of USVs during 78 

interactions between pairs of females. We observed robust effects of acute social isolation on 79 

the vocal behavior of females, and the total number of USVs produced in female-female 80 

interactions was nearly four times higher in pairs with a single-housed resident compared to 81 

pairs with a group-housed resident (Fig. 1A; 1441 ± 654 USVs in N=22 single-housed resident 82 

trials vs. 369 ± 357 USVs in N = 31 group-housed resident trials; p < 0.0001, Mann Whitney U 83 

test). USV production tended to peak during the first 5 minutes in both types of pairs, although 84 

female-female pairs with a single-housed resident emitted USVs with a shorter average latency 85 

(Fig. 1A, S1 Fig; mean latency = 13.1 s for single-housed resident trials vs. 89.0 s for group-86 

housed resident trials, p = 0.03, Mann Whitney U test). We conclude that acute social isolation 87 

robustly enhances the production of USVs during social interactions between pairs of females. 88 

In contrast to the strong effects of isolation on female-female vocal behavior, there was no 89 

significant effect of acute isolation on the total number of USVs emitted during male-male 90 

encounters or during male-female encounters (Fig. 1B-C; p = 0.15 for N = 20 group-housed 91 

resident vs. N = 21 single-housed resident male-male trials; p = 0.44 for N = 22 group-housed 92 

resident vs. N = 16 single-housed resident male-female trials, Mann Whitney U tests). Although 93 

acute isolation had no significant effect on the total number of USVs recorded during male-male 94 

and male-female interactions, we noted subtle effects of isolation on male vocal behavior. First, 95 

out of the 20 male-male trials with group-housed residents, USVs were detected in 8 trials. 96 

However, we noted that 3 of these 8 trials had only very low rates of USV production (1-3 USVs 97 

detected over the 30-minute trial). If we considered only male-male trials in which moderate 98 

rates of USVs were recorded (>25 USVs), we found that a significantly greater proportion of 99 
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male-male trials with a single-housed resident had high USV production (14 of 21 trials with a 100 

single-housed resident vs. 5 of 20 trials with a group-housed resident; p = 0.02, z-test for two 101 

independent proportions). Second, we noted that single-housed male residents emitted USVs 102 

earlier in the trial than group-housed male residents when interacting with females (Fig. 1C,  S1 103 

Fig; mean latency = 35.3 s for single-housed resident trials vs. 182.9 s for group-housed 104 

resident trials; p = 0.03, Mann Whitney U test; p = 0.61 for difference in USV latency in male-105 

male trials). In summary, acute social isolation enhances USV production between pairs of 106 

female mice and exerts more subtle effects on USV production by males during same-sex and 107 

opposite-sex interactions. 108 

Effects of acute isolation on non-vocal social behaviors in same-sex and opposite-sex 109 

interactions  110 

Acute isolation exerts sex- and context-dependent effects on USV production, and we wondered 111 

whether isolation also impacted non-vocal social behaviors differentially in these groups of mice. 112 

To examine the effects of isolation on the overall amount of social interaction, we considered 113 

non-vocal social behavior as the sum of all types of social interactions observed in a trial (i.e., 114 

sniffing, following, chasing, mounting, and fighting). We found that pairs of females with a 115 

single-housed resident spent significantly more time engaged in social interaction than pairs 116 

with a group-housed resident (Fig. 2A; pairs with single-housed resident spent 21.8 ± 10.5% of 117 

trial time interacting vs. 7.3 ± 4.1% in pairs with group-housed residents; p < 0.001, Mann 118 

Whitney U test). In male-male interactions, acute social isolation of the resident mouse tended 119 

to increase the time that males spent interacting, although this effect was not significant (Fig. 120 

2A; pairs with single-housed resident spent 14.5 ± 9.2% of trial time interacting vs. 9.2 ± 4.9% in 121 

pairs with group-housed residents p = 0.08, Mann Whitney U test). Similarly, in male-female 122 

interactions, acute social isolation of the resident male tended to increase the time the pair 123 

spent interacting, but these effects were not significant (Fig. 2A; pairs with single-housed 124 
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resident spent 19.6 ± 11.8% of trial time interacting vs. 13.6 ± 9.3% in pairs with group-housed 125 

residents p = 0.08, Mann Whitney U test). In summary, acute social isolation tends to increase 126 

the amount of time spent interacting in both same-sex and opposite-sex pairs, although it does 127 

so most robustly (and at the level of statistical significance) for female-female pairs. 128 

We next considered the effects of acute social isolation on specific types of non-vocal social 129 

behaviors, by categorizing periods of social interaction as resident-initiated social interaction 130 

(i.e., sniffing, following, chasing), visitor-initiated social interaction, and mutual social interaction 131 

(i.e., mutual sniffing). Although mounting and fighting were observed in a subset of trials, these 132 

behaviors occupied a small percentage of the total trial time (typically <5%) and are considered 133 

separately below. In female-female trials, we found that single-housed residents spent 134 

significantly more time initiating social interactions than group-housed residents (sniffing, 135 

following, and chasing), and there were no significant differences in visitor-initiated social 136 

interaction or mutual interaction (Fig. 2B, left; two-way ANOVA with repeated measures on one-137 

factor followed by post-hoc tests; p < 0.001 for difference in resident-initiated interaction). 138 

Similarly, in male-male trials, single-housed residents spent significantly more time initiating 139 

social interaction than group-housed residents (Fig. 2B, middle; p = 0.003 for difference in 140 

resident-initiated interaction). Finally, in male-female trials, there were no significant differences 141 

in the proportion of time spent in resident-initiated, visitor-initiated, or mutual social interaction (p 142 

> 0.05). Thus, acute social isolation exerts sex- and context-dependent effects on social 143 

interaction, increasing resident-initiated social interaction in same-sex pairs of males and 144 

females but not in opposite-sex pairs of mice. 145 

We next measured the effects of acute isolation on mounting behavior. Male mice commonly 146 

mount females during opposite-sex interactions, and mounting has also been reported to a 147 

lesser extent during same-sex interactions between males and females (30-33). Surprisingly, 148 

we observed a robust effect of acute isolation on mounting in female-female pairs. We never 149 
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observed mounting in female-female pairs with group-housed residents (Fig. 2C, 0/31 trials). In 150 

contrast, mounting was recorded in 11 of 22 trials with single-housed residents (Fig. 2C, p < 151 

0.0001 for difference between groups, z-test for two independent proportions). Within these 11 152 

trials, we observed mounting events initiated by residents and by visitors (N = 6 trials with 153 

resident-initiated mounting, N = 4 trials with visitor-initiated mounting, and N = 1 trials with 154 

mounting initiated by both resident and visitor). In male-male trials, mounting was observed 155 

infrequently, and there was no apparent effect of acute social isolation on mounting (Fig. 2C, 156 

observed in 3 of 20 trials with group-housed residents and in 1 of 21 trials with single-housed 157 

residents, p > 0.05). Finally, we found that acute social isolation increased mounting behavior of 158 

males during interactions with females (mounting in 3 of 22 male-female trials with group-159 

housed residents vs. 9 of 16 trials with single-housed residents, p = 0.005). In summary, acute 160 

social isolation promotes mounting between same-sex pairs of females and in opposite-sex 161 

pairs of mice. 162 

Finally, we examined the effects of acute isolation on fighting, given that chronic social isolation 163 

is known to increase aggression in male rodents (4, 7, 10, 11, 13, 14). We never observed 164 

fighting in female-female and male-female trials (0/53 female-female trials, 0/38 male-female 165 

trials). In male-male trials, fighting was observed only infrequently, and there was no apparent 166 

effect of acute social isolation (fighting observed in 2 of 20 trials with group-housed residents 167 

and in 4 of 21 trials with single-housed residents, p = 0.41, z-test for two independent 168 

proportions). We conclude that acute social isolation does not significantly affect levels of 169 

aggression in males and female B57BL/6J mice. 170 

Effects of acute isolation on the relationship of USV production to non-vocal social 171 

behaviors 172 

We next characterized the relationship between USV production and non-vocal social behaviors 173 

during same-sex and opposite-sex interactions and asked whether acute isolation affects the 174 
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relationship between vocalization and other social behaviors. In short, what are mice doing 175 

when they vocalize, and is that relationship affected by acute isolation? We examined the 176 

relationship between USV production and non-vocal social behaviors in general by comparing 177 

the total number of USVs produced to the total time spent interacting in the three different social 178 

contexts (Fig. 3A). In female-female pairs with a group-housed resident, we observed a 179 

significant positive relationship between the number of USVs produced and the proportion of 180 

time in the trial the mice spent interacting (Fig. 3A, left, black symbols, p = 0.002 for linear 181 

regression, R2 = 0.28). Female pairs with a single-housed resident spent more time interacting 182 

and produced USVs, but we again observed a significant positive relationship between USV 183 

production and time spent interacting (Fig. 3A, left, red symbols, p = 0.001 for linear regression, 184 

R2 = 0.42). In summary, USV production is correlated with social interaction time in female pairs, 185 

and acute isolation potentiates social interaction during female-female encounters and drives a 186 

concomitant increase in USV production.  187 

In contrast to our observations in female-female pairs, USV production was not well related to 188 

the total time spent interacting in male-male pairs with a group-housed resident (Fig. 3A, middle, 189 

black symbols, p=0.83 for linear regression). Notably, this relationship was altered by acute 190 

isolation, and in male-male pairs with a single-housed resident, USV production was positively 191 

related to total time spent interacting (Fig. 3A, middle, red symbols, p = 0.02, R2 = 0.39). Finally, 192 

USV production in male-female interactions was significant correlated with the total time the 193 

mice spent interacting, and this was true for trials with group-housed residents as well as trials 194 

with single-housed residents (p = 0.003, R2 = 0.36 for linear regression in group-housed resident 195 

trials, p = 0.005, R2 = 0.43 for single-housed resident trials). We conclude that acute isolation 196 

drives the emergence of coupling between USV production and non-vocal social behaviors in 197 

male-male interactions and has no effect on the relationship between USV production and total 198 

social interaction time in male-female interactions. 199 
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What proportion of USVs are produced during different non-vocal social behaviors in same-sex 200 

and opposite-sex interactions, and does acute isolation impact these relationships? To visualize 201 

the relationship between vocal and non-vocal behaviors in each trial, we created ethograms in 202 

which USV rates are plotted over time against the production of different categories of non-vocal 203 

social behavior for each trial in our dataset (Figs. S2-S7). We then calculated the proportion of 204 

the total USVs in each trial produced during different types of non-vocal social behavior in each 205 

of the 6 groups of mice (trials with <25 USVs were excluded from this analysis). We first 206 

considered the relationship of USV production to resident-initiated, visitor-initiated, and mutual 207 

social interactions, and we separately consider the relationship of USV production to mounting 208 

and fighting below.  209 

Female-female pairs with a single-housed resident produced more USVs during resident-210 

initiated social interactions than pairs with a group-housed resident, and there were no 211 

significant differences in the proportion of total USVs produced during visitor-initiated and 212 

mutual interactions (Fig. 3B, two-way ANOVA with repeated measures on one-factor, followed 213 

by post-hoc tests; p=0.03 for difference in proportion of USVs produced during resident-initiated 214 

social interactions). We noted previously that resident-initiated interactions were significantly 215 

increased in female-female pairs with a single-housed resident, consistent with the idea that 216 

acute isolation increases USV production concomitantly with the increase in resident-initiated 217 

interactions (compare Fig. 3B left to Fig. 2B left). Similarly, male-male pairs with a single-218 

housed resident produced a significantly higher proportion of total USVs during resident-initiated 219 

social interactions, in line with the observed increase in resident-initiated social interactions in 220 

male-male pairs with a single-housed resident (compare Fig. 3B middle to Fig. 2B middle). 221 

Finally, there were no significant differences in the proportion of total USVs produced during 222 

these three types of social behavior in male-female interactions with a group-housed vs. single-223 

housed resident (Fig. 3B, right). 224 
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We then examined the relationship of USV production to mounting in the six groups of animals. 225 

As expected from previous work (34, 35), we found that mounting by males during opposite-sex 226 

social interactions was accompanied by USV production (Fig. 3C, right). Surprisingly, we found 227 

that all mounting events during same-sex female interactions were accompanied by USV 228 

production as well (Fig. 3C, mounting was accompanied by USV production in 11 of 11 trials 229 

with mounting). Finally, during male-male interactions, mounting was accompanied by USV 230 

production in 2 of the 4 total cases (Fig. 2C). In the two trials in which male-male mounting 231 

events were not accompanied by USV production, we note that mounting events immediately 232 

preceded fights (no fights were observed in the male-male trials in which mounting was 233 

accompanied by USV production). Because we only observed a small number of fights in our 234 

male-male trials, we cannot make any conclusions regarding the relationship between USV 235 

production and subsequent fighting. We note, however, that USV production never occurred 236 

during fights (Figs. S2-S7). In summary, acute isolation promoted mounting during female-237 

female and male-female social interactions, and these mounting events were accompanied by 238 

USV production. 239 

 240 

Discussion 241 

In this study, we measured the effects of acute social isolation on vocal and non-vocal social 242 

behaviors of mice during same-sex and opposite-sex interactions. Acute social isolation had a 243 

profound effect on social interactions between pairs of females. Female pairs with a single-244 

housed resident produced more USVs and spent more time interacting. In particular, single-245 

housed female residents spent more time initiating social interactions with visitors, and we also 246 

observed the emergence of mounting accompanied by USV production in female pairs with 247 

single-housed residents, which was never observed in trials with group-housed residents. In 248 

contrast to these robust effects on same-sex interactions in females, acute isolation had more 249 
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subtle effects on social interactions between males. Although acute isolation did not significantly 250 

affect the total number of USVs produced during male-male interactions, a greater proportion of 251 

male pairs with a single-housed resident produced high rates of USVs (>25 USVs). Single-252 

housed resident males spent more time initiating social interactions with visitors than group-253 

housed residents, and acute isolation increased the coupling between USV production and non-254 

vocal social interactions in male-male pairs. Finally, in male-female pairs, there were no effects 255 

of acute isolation of the resident male on the total number of USVs produced or the time spent 256 

interacting, although single-housed resident males were more likely to mount females than 257 

group-housed residents. We conclude that the effects of acute isolation on vocal and non-vocal 258 

social behavior vary according to sex and to social context, with the greatest impacts observed 259 

on interactions between pairs of females.  260 

Why does acute isolation more robustly affect social interactions between females than 261 

interactions between males or opposite-sex pairs of mice? One idea is that interactions between 262 

pairs of females are affiliative and thus are strongly influenced by levels of pro-social motivation. 263 

Indeed, affiliative interactions between female mice are common, with demes of wild house 264 

mice frequently including several breeding and several non-breeding females (36, 37). In 265 

addition, female mice sometimes engage in communal nesting and nursing (38). In further 266 

support of this idea, social interactions between female mice are associated with neuronal 267 

activation within mesolimbic reward circuits, and artificial activation of dopaminergic inputs to 268 

the nucleus accumbens promotes social interaction between females (39). Acute social isolation 269 

may enhance pro-social motivation in females and thereby increase the production of vocal and 270 

non-vocal social behaviors in subsequent interactions between pairs of females. In contrast, 271 

interactions between males and females are dominated by male-initiated behaviors and likely 272 

reflect levels of sexual motivation rather than a more generic form of affiliative social motivation. 273 

Although we found that acute isolation increased male mounting during interactions with 274 
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females, the lack of effects on other aspects of vocal and non-vocal behavior during male-275 

female encounters suggests that acute isolation does not strongly impact male sexual 276 

motivation. Finally, interactions between unfamiliar pairs of male mice are likely more agonistic 277 

than affiliative and thus are not as strongly impacted by acute social isolation as interactions 278 

between pairs of females. Although we observed low rates of fighting during the 30 minute-long 279 

male-male encounters used in our study, unfamiliar male mice engage in agonistic behaviors 280 

including chasing, mounting, and fighting to establish social hierarchies when housed together 281 

for longer periods of time (32, 40). In summary, one possibility is that acute social isolation 282 

strongly promotes affiliative social motivation and thereby strongly influences female-female 283 

social encounters, while exerting less pronounced effects on sexual and aggressive motivation 284 

during the social interactions of male mice. 285 

We note, however, that the interpretation that isolation-induced increases in female social 286 

interaction are affiliative is somewhat complicated by our finding that acute isolation increases 287 

the occurrence of mounting during female-female interactions. Same-sex mounting in female 288 

mice has been described (31), and although its behavioral functions remain unclear, there is 289 

evidence that females use mounting to establish social dominance over other females (33). Of 290 

particular interest is our finding that female-female mounting is accompanied by USV 291 

production. Same-sex mounting between pairs of male mice is considered to be a low-level 292 

aggressive behavior (32), is controlled by a hypothalamic brain region important for aggression 293 

(30), and is typically not accompanied by USV production (30). This contrasts with male 294 

mounting of female mice, which is controlled by a hypothalamic brain region important for male 295 

sexual behavior (30, 41-44) and is typically accompanied by USV production (Fig. 3C) (30, 34, 296 

35). At present, the neural circuits that regulate female-female mounting remain unknown, and 297 

the elucidation of these circuits in future studies may shed light on the function of same-sex 298 

mounting between pairs of female mice, as well as on whether the isolation-induced increases 299 
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in female social interaction observed in the current study reflect an increase in affiliative or 300 

aggressive motivation. 301 

What neural mechanisms underlie the potentiating effects of acute isolation on social 302 

interactions between pairs of females? Previous work has shown that chronic social isolation 303 

can exert sex-specific effects on female neural circuits and particularly on neuroendocrine 304 

signaling. Social isolation from the time of weaning alters the intrinsic properties of neurons in 305 

the paraventricular nucleus of the hypothalamus (PVN) that express corticotrophin-releasing 306 

hormone in female but not male mice (45). In prairie voles, a 4-week social isolation elevates 307 

the density of oxytocin-expressing neurons in the PVN and elevates plasma levels of oxytocin in 308 

females but not in males (46). In addition, although it remains unclear whether the isolation-309 

induced increases in female interaction that we observed are affiliative or aggressive in nature, 310 

we note that female aggression is regulated by estradiol (47) and that social hierarchy position 311 

in female mice is associated with changes in estrogen receptor expression within the 312 

ventromedial hypothalamus (33). Future studies can examine whether changes in 313 

neuroendocrine and/or hormonal signaling contribute to the increase in female-female social 314 

interactions following acute isolation, with a particular emphasis on changes in signaling within 315 

neural circuits important to the production of USVs (48-50). 316 

Chronic social isolation in rodents leads to increases in anti-social behaviors, including 317 

increasing aggressive behavior (4, 7, 10, 11, 13, 14), and studies performed with NIH Swiss and 318 

Swiss-Webster male mice also reported that acute social isolation increases aggressive 319 

behavior (51, 52). In contrast, work in male rats found that social isolation for up to 7 days does 320 

not increase aggressive behavior (23). In the current study, we observed fights between male 321 

mice only infrequently, and we didn’t find any effects of acute social isolation on the occurrence 322 

of fighting between pairs of males. Taken together, these findings support the idea that there 323 
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may be both species and strain differences in the duration of social isolation that is required 324 

before the emergence of increased aggression and other anti-social behaviors is observed.  325 

While characterizing the effects of acute isolation on social behavior, we discovered that the 326 

relationship of USV production to non-vocal social behaviors differs according to social context. 327 

During female-female and male-female encounters, USV production is well related to the 328 

amount of time spent the pairs of mice spent interacting, and this was true in pairs with group-329 

housed residents as well as pairs with single-housed residents. We propose that in these social 330 

contexts, USV production can be used as a proxy for social and sexual motivation, respectively. 331 

In contrast, USV production wasn’t well-coupled to the total time spent interacting in male-male 332 

trials with group-housed residents and we observed low rates of USV production in these trials, 333 

indicating that these pairs interacted without producing USVs. Interestingly, this relationship 334 

changes following acute isolation, and USV production scales with the total time spent 335 

interacting in male-male trials with single-housed residents. A prior study using chronic social 336 

isolation also found that USV production was positively related to the total amount of time spent 337 

interacting in pairs of males with a single-housed resident but not in pairs with a group-housed 338 

resident (15). The effect of acute isolation on the relationship between USV production and 339 

male-male social interaction is intriguing, and additional work is required to elucidate the 340 

significance of this change, and more broadly, the role of USV production during male-male 341 

social interactions.  342 

One limitation of our approach is that we don’t know which mouse is producing USVs during 343 

same-sex encounters. Indeed, the difficulty in ascertaining which mouse in a same-sex pair is 344 

vocalizing at a given moment has been a major roadblock to studying the behavioral functions 345 

of USV production during same-sex encounters. Recent studies employing microphone array 346 

recordings found that male mice produce most of the USVs in opposite-sex encounters (28, 29) 347 

and that both mice in a pair vocalize during male and female same-sex interactions, at least 348 
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when these interactions occur in a novel environment between previously single-housed 349 

animals (26, 27). However, microphone array recordings are challenging to implement in 350 

acoustically noisy home cage recordings, and the location of a behavioral encounter (home 351 

cage vs. novel chamber) can strongly impact the dynamics of a social interaction (53-55). For 352 

these reasons, we didn’t implement microphone array recordings in the current study. Given 353 

that acute isolation increased female resident-initiated social interactions without affecting 354 

visitor-initiated social interactions, an attractive possibility is that an increase in USV production 355 

by the resident female following acute isolation drives the observed increase in USV rates in 356 

female-female pairs. Consistent with this idea, a previous studies showed that resident female 357 

mice will vocalize to an anesthetized female visitor but not vice versa (56). In future studies, we 358 

plan to implement real-time measurements and manipulations of activity in midbrain neurons 359 

important to USV production (48) to determine which mouse is vocalizing during same-sex 360 

interactions, and also to measure how manipulations of USV production affect social behavior 361 

during same-sex encounters.  362 

 363 

Materials and Methods 364 

Further information and requests for resources and reagents should be directed to the 365 

corresponding author, Katherine Tschida (kat227@cornell.edu). 366 

Ethics Statement: All experiments and procedures were conducted according to protocols 367 

approved by the Cornell University Institutional Animal Care and Use Committee (protocol 368 

#2020-001). 369 

Subjects: Males and female C57BL/6J mice (Jackson Laboratories, 000664) were housed with 370 

their same-sex siblings following weaning until the beginning of the experiment (<7 weeks of 371 
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age). Mice were kept on a 14:10 reverse day-night cycle and given unlimited access to water 372 

and chow. The estrous state of female mice was not monitored.  373 

Behavioral Experiments: Three days prior to the day of behavioral measurements, male and 374 

female subject mice either continued residing with their same-sex siblings (group-housed 375 

residents) or were single-housed until the day of recording (single-housed residents). On the 376 

day of the behavior measurements, the subject mouse was transferred in its home cage to a 377 

recording chamber (Med Associates) equipped with an ultrasonic microphone (Avisoft), infrared 378 

light source (Tendelux), and webcam (Logitech, with infrared filter removed to enable video 379 

recording under infrared lighting). The home cage was either placed inside a custom acrylic 380 

chamber (similar dimensions to the home cage but taller) or was fitted with a custom lid to 381 

permit USV recordings. In the case of group-housed residents, the mouse’s siblings were 382 

removed from the home cage and transferred to a clean cage for the duration of the test. A 383 

novel group-housed visitor mouse (male or female depending on the context) was then placed 384 

in the subject animal’s home cage for 30 minutes, and video and audio recordings were made. 385 

Visitor mice were used across multiple experiments, including those with single-housed 386 

residents and those with group-housed residents, and were therefore socially experienced. 387 

Many of our subject animals were socially naïve at the time of the experiment (i.e., no social 388 

experience other than with their same-sex siblings), and a subset of the subject animals (21/53 389 

female residents in female-female recordings, 22/41 residents in male-male-recordings) were 390 

previously given brief (~5 minute) social experiences with novel female conspecifics prior to 391 

postnatal day 40 as part of another study. Visitors were marked with acrylic paint or hair dye to 392 

facilitate identification in videos. We made measurements of vocal and non-vocal behaviors in 393 

three contexts: female residents with female visitors, male residents with male visitors, and male 394 

residents with female visitors. 395 
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Behavior analysis: Trained observers scored the following categories of behavior from 396 

webcam videos: (1) resident and visitor not interacting, (2) resident-initiated social interaction 397 

(sniffing, following, or chasing), (3) visitor-initiated social interaction, (4) resident mounting the 398 

visitor, (5) visitor mounting the resident, (6) resident-initiated fighting, (7) visitor-initiated fighting, 399 

and (8) mutual social interaction (mutual sniffing). 400 

USV recording and analysis. USVs were recorded using an ultrasonic microphone (Avisoft, 401 

CMPA/CM16), connected to an Avisoft recording system (UltrasoundGate 166H, 250 kHz 402 

sample rate). In pilot experiments, USVs were detected using codes modified from those 403 

provided by the Holy lab (http://holylab.wustl.edu/) using the following parameters (mean 404 

frequency > 45 kHz; spectral purity > 0.3; spectral discontinuity < 0.85; min. USV duration = 5 405 

ms; minimum inter-syllable interval = 30 ms). We found, however, that some USVs were low 406 

amplitude and not detected accurately by our automated codes, particularly USVs emitted 407 

during male-male interactions. To ensure the highest accuracy of USV detection, trained 408 

observers manually annotated USVs from wav files using custom Matlab codes. 409 

Quantification and statistical analyses: Parametric, two-sided statistical comparisons were 410 

used in all analyses unless otherwise noted (alpha=0.05). Details of the statistical analyses 411 

used in this study are included in S1 Table. No statistical methods were used to predetermine 412 

sample sizes. Error bars represent standard deviation unless otherwise noted. Violin plots were 413 

created using code from Holger Hoffmann (2021, Matlab Central File Exchange, 414 

https://www.mathworks.com/matlabcentral/fileexchange/45134-violin-plot). 415 

Data availability: All source data generated in this study will be deposited in a digital data 416 

repository, and this section will be modified prior to publication to include the persistent DOI for 417 

the dataset.  418 

 419 
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Figure Legends 600 

Fig 1. Effects of acute isolation on USV production during same-sex and opposite-sex 601 

social encounters. (A) Number of USVs recorded is shown for female-female social 602 

encounters, in which a group-housed female visitor was introduced into the home cage of either 603 

a group-housed or a single-housed resident. Left panel shows total number of USVs produced 604 

during social encounters with group-housed and single-housed female residents. Middle panels 605 

(trials with group-housed residents) and right panel (trials with single-housed residents) show 606 

the dynamics of USV production over time, plotted as total number of USVs produced in each 607 

10s-long bin. Black line shows mean values for each condition, and thinner colored lines show 5 608 

representative trials. (B) Same as (A), for male-male social encounters. (C) Same as (A), for 609 

male-female social encounters. Please note the difference in y axis ranges for the left-most 610 

plots in (A)-(C). 611 

Fig 2. Effects of acute isolation on non-vocal social behaviors. (A) Proportion time spent 612 

engaged in social interaction is shown for female-female trials (left), male-male trials (middle), 613 

and male-female trials (right). (B) Violin plots show the proportion time spent engaged in 614 

different non-vocal social behaviors for female-female trials (left), male-male trials (middle), and 615 

male-female trials (right). Gray, trials with group-housed residents; red, trials with single-housed 616 

residents. White lines indicate median values, black lines indicate mean values. Asterisks, p < 617 

0.05. (C) Pie charts show the number of trials with mounting in female-female trials (left), male-618 

male trials (middle), and male-female trials (right). White, no mounting; red, resident-initiated 619 

mounting; blue, visitor-initiated mounting; green, trials with both resident- and visitor-initiated 620 

mounting. 621 

Fig 3. Effects of acute isolation on the relationship of USV production to non-vocal social 622 

behaviors. (A) Scatterplots show the number of USVs emitted versus the proportion total time 623 

spent interacting for female-female trials (left), male-male trials (middle), and male-female trials 624 
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(right). Black symbols, trials with group-housed residents; red symbols, trials with single-housed 625 

residents. (B) Violin plots show the proportion of USVs produced during different types of 626 

behavior. Gray plots summarize data for trials with group-housed residents, red plots 627 

summarize data for trials with single-housed residents. White lines indicate median values, 628 

black lines indicate mean values. Asterisks, p < 0.05. (C) Spectrograms show USVs produced 629 

during mounting events during female-female (left), male-male (middle), and male-female (right) 630 

social interactions. Pie charts show the number of trials in which mounting was accompanied by 631 

USV production (gray) versus trials in which mounting was not accompanied by USV production 632 

(white) during female-female (left), male-male (middle), and male-female (right) social 633 

interactions. 634 

 635 

Supporting Information 636 

S1 Fig. Effects of acute isolation on latency to first USV in same-sex and opposite-sex 637 

interactions. Latency to the first recorded USV is shown for female-female social encounters 638 

(A), male-male encounters (B), and male-female encounters (C). Trials with 0 USVs are 639 

excluded. 640 

S2 Fig. Female-female ethograms, group-housed residents. Ethograms are shown for each 641 

female-female trial with a group-housed resident. The top half of each plot shows USV rate over 642 

time (total USVs in each 10s-long bin), and the bottom half of each plot shows the occurrence of 643 

difference non-vocal social behaviors over time. Red, resident-initiated interaction; magenta, 644 

resident-initiated mounting; orange, resident-initiated fighting; blue, visitor-initiated interaction; 645 

cyan, visitor-initiated mounting; black, visitor-initiated fighting; green, mutual interaction; white, 646 

not interacting. 647 
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S3 Fig. Female-female ethograms, single-housed residents. Ethograms are shown for each 648 

female-female trial with a single-housed resident. The top half of each plot shows USV rate over 649 

time (total USVs in each 10s-long bin), and the bottom half of each plot shows the occurrence of 650 

difference non-vocal social behaviors over time. Red, resident-initiated interaction; magenta, 651 

resident-initiated mounting; orange, resident-initiated fighting; blue, visitor-initiated interaction; 652 

cyan, visitor-initiated mounting; black, visitor-initiated fighting; green, mutual interaction; white, 653 

not interacting. 654 

S4 Fig. Male-male ethograms, group-housed residents. Ethograms are shown for each 655 

male-male trial with a group-housed resident. The top half of each plot shows USV rate over 656 

time (total USVs in each 10s-long bin), and the bottom half of each plot shows the occurrence of 657 

difference non-vocal social behaviors over time. Red, resident-initiated interaction; magenta, 658 

resident-initiated mounting; orange, resident-initiated fighting; blue, visitor-initiated interaction; 659 

cyan, visitor-initiated mounting; black, visitor-initiated fighting; green, mutual interaction; white, 660 

not interacting. 661 

S5 Fig. Male-male ethograms, single-housed residents. Ethograms are shown for each 662 

male-male trial with a single-housed resident. The top half of each plot shows USV rate over 663 

time (total USVs in each 10s-long bin), and the bottom half of each plot shows the occurrence of 664 

difference non-vocal social behaviors over time. Red, resident-initiated interaction; magenta, 665 

resident-initiated mounting; orange, resident-initiated fighting; blue, visitor-initiated interaction; 666 

cyan, visitor-initiated mounting; black, visitor-initiated fighting; green, mutual interaction; white, 667 

not interacting. 668 

S6 Fig. Male-female ethograms, group-housed residents. Ethograms are shown for each 669 

male-female trial with a group-housed resident. The top half of each plot shows USV rate over 670 

time (total USVs in each 10s-long bin), and the bottom half of each plot shows the occurrence of 671 

difference non-vocal social behaviors over time. Red, resident-initiated interaction; magenta, 672 
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resident-initiated mounting; orange, resident-initiated fighting; blue, visitor-initiated interaction; 673 

cyan, visitor-initiated mounting; black, visitor-initiated fighting; green, mutual interaction; white, 674 

not interacting. 675 

S7 Fig. Male-female ethograms, single-housed residents. Ethograms are shown for each 676 

male-female trial with a single-housed resident. The top half of each plot shows USV rate over 677 

time (total USVs in each 10s-long bin), and the bottom half of each plot shows the occurrence of 678 

difference non-vocal social behaviors over time. Red, resident-initiated interaction; magenta, 679 

resident-initiated mounting; orange, resident-initiated fighting; blue, visitor-initiated interaction; 680 

cyan, visitor-initiated mounting; black, visitor-initiated fighting; green, mutual interaction; white, 681 

not interacting. 682 

S1 Table. Statistics Summary 683 
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Fig 1. Effects of acute isolation on USV production during same-

sex and opposite-sex social encounters
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Fig 1. Effects of acute isolation on USV production during same-sex and opposite-

sex social encounters. (A) Number of USVs recorded is shown for female-female social 

encounters, in which a group-housed female visitor was introduced into the home cage of 

either a group-housed or a single-housed resident. Left panel shows total number of USVs 

produced during social encounters with group-housed and single-housed female residents. 

Middle panel (trials with group-housed residents) and right panel (trials with single-housed 

residents) show the dynamics of USV production over time, plotted as total number of 

USVs produced in each 10s-long bin. Black line shows mean values for each condition, 

and thinner colored lines show 5 representative trials. (B) Same as (A), for male-male 

social encounters. (C) Same as (A), for male-female social encounters. Please note the 

difference in y axis ranges for the left-most plots in (A)-(C).
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Fig 2. Effects of acute isolation on non-vocal social behaviors
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Fig 2. Effects of acute isolation on non-vocal social behaviors. (A) Proportion time 

spent engaged in social interaction is shown for female-female trials (left), male-male trials 

(middle), and male-female trials (right). (B) Violin plots show the proportion time spent 

engaged in different non-vocal social behaviors for female-female trials (left), male-male 

trials (middle), and male-female trials (right). Gray, trials with group-housed residents; red, 

trials with single-housed residents. White lines indicate median values, black lines indicate 

mean values. Asterisks, p < 0.05. (C) Pie charts show the number of trials with mounting in 

female-female trials (left), male-male trials (middle), and male-female trials (right). White, 

no mounting; red, resident-initiated mounting; blue, visitor-initiated mounting; green, trials 

with both resident- and visitor-initiated mounting.
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Fig 3. Effects of acute isolation on the relationship of USV 

production to non-vocal social behaviors
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Fig 3. Effects of acute isolation on the relationship of USV production to non-vocal social 

behaviors. (A) Scatterplots show the number of USVs emitted versus the proportion total time spent 

interacting for female-female trials (left), male-male trials (middle), and male-female trials (right). 

Black symbols, trials with group-housed residents; red symbols, trials with single-housed residents. 

(B) Violin plots show the proportion of USVs produced during different types of behavior. Gray plots 

summarize data for trials with group-housed residents, red plots summarize data for trials with single-

housed residents. White lines indicate median values, black lines indicate mean values. Asterisks, p 

< 0.05. (C) Spectrograms show USVs produced during mounting events during female-female (left), 

male-male (middle), and male-female (right) social interactions. Pie charts show the number of trials 

in which mounting was accompanied by USV production (gray) versus trials in which mounting was 

not accompanied by USV production (white) during female-female (left), male-male (middle), and 

male-female (right) social interactions.
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